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A reverse zymogram method for the detection of bacterial lysozyme inhibitors was developed. This method was validated by using a periplasmic protein extract of Escherichia coli containing a known inhibitor and subsequently led to the detection of a new proteinaceous hen egg white lysozyme inhibitor in Proteus mirabilis.
Lysozymes (EC 3.2.1.17) are hydrolytic enzymes that exert an antibacterial activity by cleaving the ␤(1,4)-glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine in peptidoglycan, the major bacterial cell wall polymer. They are commonly found in animals, plants, microorganisms, and viruses and are divided into different families and types (8) . In animals, there are three major lysozyme types; c-and g-type lysozymes typically occur in vertebrates, while invertebrates generally have i-type and sometimes also c-type lysozymes (7) .
In 2001, the first proteinaceous lysozyme inhibitor was accidentally discovered in the periplasm of Escherichia coli and named Ivy, for inhibitor of vertebrate lysozyme (11) . Ivy orthologs share a specific protruding five-residue loop that is essential for its inhibitory activity and are encountered in a number of gram-negative bacteria (1) . Most recently, a second family of c-type lysozyme inhibitors was discovered in gramnegative bacteria (2) . This novel and widely distributed family is characterized by a common conserved COG3895 domain (Cluster of Orthologous Groups, http://www.ncbi.nlm.nih.gov /COG/; 2, 14) and can be divided into periplasmic (PliC) or membrane-bound (MliC) lysozyme inhibitors of c-type lysozyme. Notably, Ivy (from E. coli), PliC of Salmonella enterica serovar Enteritidis, and MliC from E. coli, as well as from Pseudomonas aeruginosa, were all shown to contribute to the protection of the bacterial cell against challenge with hen egg white lysozyme (HEWL), the model c-type lysozyme (2, 4) . Therefore, lysozyme inhibitors may have evolved to counter lysozyme as an important component of the immune system of animal hosts. In pathogenic bacteria, they may even contribute to virulence, which would make them an attractive novel target for antibacterial drug development (1, 2) . In support of such a role, we recently found that the lysozyme inhibitor Ivy is required for the ability of E. coli to grow in saliva (5).
Our earlier described method to screen for lysozyme inhibitors is based on detecting inhibitory activity in bacterial extracts, and although it provides a good indication of the presence of inhibitory activity (2, 4) , it inherently fails to reveal any information about the nature of the inhibitor (proteinaceous or not) or about the possible presence of multiple inhibitors in an extract. We have noticed that this technique is susceptible to false-positive results when searching for proteinaceous inhibitors due to the presence of substances that inhibit or influence HEWL activity (e.g., acidic polymers, salts, metal ions, lipopolysaccharides, peptidoglycan fragments, etc.). While some of these compounds may also have biological relevance, we were mainly interested in novel, highly specific proteinaceous HEWL inhibitors like the ones recently discovered in bacteria (2, 11) . To detect these inhibitors in cell extracts or culture supernatant, a reverse zymogram method using HEWL and Micrococcus luteus cells as a substrate was developed. This method was validated for a periplasmic protein extract of E. coli containing Ivy and subsequently led to the detection of a proteinaceous HEWL inhibitor different from Ivy in a periplasmic extract of Proteus mirabilis which was further investigated.
Periplasmic protein extracts isolated as described elsewhere (4) from wild-type E. coli MG1655, an isogenic ivy::Kan strain (Ivy knockout strain; 4), and a wild-type strain containing the plasmid pAA410 (Ivy overexpression strain; 4) were examined for HEWL inhibitory activity with the traditional assay described in reference 3. As expected, increasing amounts of inhibitory activity were measured for the knockout, wild-type, and overexpression extracts, in that order. The HEWL inhibitory activities of the periplasmic protein extracts were as follows: E. coli MG1655 ivy::Kan, 0 IU/ml; E. coli MG1655, 18 IU/ml; and E. coli MG1655(pAA410), 746 IU/ml. The reverse zymogram technique, already frequently used in the detection of protease inhibitors (13) , was optimized for the detection of HEWL inhibitors with M. luteus as the substrate. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (10) with a 15% stacking and a 4% concentrating gel were supplemented with 1 g/ml freeze-dried M. luteus ATCC 4698 cells (Sigma-Aldrich, Bornem, Belgium) and 0.25 g/ml HEWL (66,000 U/mg protein; Fluka) just before polymeriza-tion. Samples of periplasmic protein extracts of the E. coli strains were prepared by boiling for 3 min in the presence of sample buffer (0.1 M Tris-HCl [pH 6.8], 1% SDS, 40% glycerol, 10 mM dithiothreitol, 0.0025% bromophenol blue) to denature the proteins. After electrophoresis with running buffer supplemented with 0.25 g/ml HEWL, the gel was rinsed with deionized water for 30 min and transferred into renaturation buffer (20 mM sodium phosphate [pH 7.0] with 10 mM MgCl 2 and 1% Triton X-100). Both the proteins from the periplasmic extracts and the HEWL (which might be partially denatured by the SDS present in the gel) will be allowed to renature in this buffer. Overnight incubation at 37°C with gentle agitation led to clarification of the gel due to lysis of the M. luteus cells, leaving opaque bands where presumed inhibitors were located in the gel. As expected, no inhibitory band was detected in the lane loaded with the periplasmic protein extract of the Ivy knockout strain (lane 3), while a weak and a more intense band with the same migration distance were seen for the wild type (lane 4) and the overexpression extract (lane 1), respectively ( Fig. 1) . This clearly indicates that proteinaceous HEWL inhibitors can be qualitatively and even semiquantitatively detected with this reverse zymogram technique.
The novel method was then applied to look for inhibitors in P. mirabilis LMM2010 since the periplasmic extract of this organism showed HEWL inhibitory activity although its genome does not contain an ivy gene homolog (sequence determined by the P. mirabilis Sequencing Group at the Sanger Institute and available at http://www.sanger.ac.uk/cgi-bin /BLAST/submitblast/p_mirabilis). The reverse zymogram revealed an intense band of unlysed M. luteus, corresponding to a molecular mass slightly higher than that of Ivy, which has a molecular mass of 14.102 kDa (Fig. 1) . Remarkably, the intensity of the P. mirabilis inhibitor band was comparable to that of the Ivy-overexpressing E. coli strain (compare lanes 2 and 1 in Fig. 1 ), while its inhibitory activity, as determined with the traditional assay (38 IU/ml), was about 20 times lower and on the order of magnitude of the inhibitory activity of wild-type E. coli extract (18 IU/ml). This may be due to the presence of other compounds in the periplasmic protein extract of P. mirabilis interfering with HEWL inhibitor binding and thereby affecting the values of inhibitory activity measured with the traditional assay. Other possible explanations are (i) the use of different buffers in the assays that might influence the activity of the inhibitor and (ii) incomplete renaturation of Ivy in our reverse zymogram method. The fact that both Ivy and PliC are renaturable is probably, at least in part, due to their low molecular masses. If high-molecular-mass lysozyme inhibitors also exist, it has yet to be determined if they will be renaturable and detectable by the reverse zymogram method described here. We demonstrated that the technique can also be used with goose egg white lysozyme, which belongs to a different lysozyme family than HEWL (data not shown). This opens perspectives for the identification of putative g-type lysozymespecific inhibitors.
Interestingly, a BLAST search of the recently discovered HEWL inhibitor MliC from E. coli against the complete sequence of P. mirabilis delivered an open reading frame (ORF) with 35% identity over 57 amino acids. The ORF encodes a predicted periplasmic protein of 110 amino acids including a Anticipating its functionality as a lysozyme inhibitor, which will be demonstrated below, we designated this ORF PliC from P. mirabilis. A sequence alignment of this putative novel member of the PliC/MliC lysozyme inhibitor family with the three earlier described members is shown in Fig. 2 . Two cysteine residues which, in the case of MliC from E. coli, have been shown to form a disulfide bridge (12) are conserved and might be important for conformational stability. Subsequently, we isolated the putative HEWL inhibitor from P. mirabilis by loading 100 ml of a periplasmic protein extract with an inhibitory activity of 32 U/ml onto a HEWL affinity column and eluting it with a combined salt and high-pH gradient as described earlier (3). The resulting chromatogram and the inhibitory activities of the fractions after neutralization and dialysis are shown in Fig. 3 . A single peak of HEWL inhibitory activity (43 U/ml) was detected at an elution volume of 33 ml. SDS-PAGE analysis of the fraction with strong HEWL inhibitory activity showed a single band with an estimated molecular mass of 18.5 kDa after silver staining according to reference 6 (data not shown). After lyophilization, the protein was visualized on a Coomassie-stained SDS-PAGE gel, and a small gel piece was subjected to trypsin digestion, followed by tandem mass spectrometry analysis. Two peptides, VSFPNDDLAVMDYNDELIVLK and YVGESFQLWGK, were identified with high confidence, leading to the same protein sequence found earlier by BLAST search with MliC from E. coli. There is, however, a remarkable discrepancy between the theoretically predicted molecular mass of this protein (9.6 kDa) and its molecular mass estimated from SDS-PAGE (18.5 kDa). The fact that the latter is almost twice the former could indicate that the protein occurs as a dimer. This seems unlikely since denaturing conditions were used for electrophoresis and the samples were boiled in the presence of SDS and dithiothreitol. However, deviations in molecular mass estimations from SDS-PAGE are not uncommon for acidic proteins (mature PliC from P. mirabilis has a pI of 4.33) and have been ascribed to poor binding of SDS (9) . In view of its relatedness to the recently discovered family of HEWL inhibitors, the identified protein was renamed PliC (periplasmic lysozyme inhibitor of c-type lysozyme) of P. mirabilis. This protein constitutes the fourth member of the recently discovered family of lysozyme inhibitors.
In conclusion, reverse zymography, here optimized with the enzyme HEWL and Micrococcus as the substrate, is a useful technique for detecting bacterial lysozyme inhibitor proteins without nonproteinaceous compound interference with HEWL activity. Compared to the detection and isolation of lysozyme inhibitors by affinity chromatography, it has the advantage of allowing a higher throughput of samples, which will be useful in further screenings for novel lysozyme inhibitors. Extracts selected from this screening can then be subjected to affinity chromatography to isolate and further characterize the putative inhibitors. The reverse zymogram also allows differentiation between different inhibitors based on their electrophoretic mobilities and detection of multiple inhibitors with different mobilities in a single extract. Furthermore, the relative migration distance of the inhibitor provides an indication of the family to which the inhibitor belongs and whether only one or more inhibitors are present in an extract. 
